We used a three-dimensional coupled hydrodynamic-ecological model to investigate how lake currents can affect walleye (Sander vitreus) recruitment in western Lake Erie. Four years were selected based on a fall recruitment index: two high recruitment years (i.e., 1996 and 1999) and two low recruitment years (i.e., 1995 and 1998). During the low recruitment years, the model predicted that (i) walleye spawning grounds experienced destructive bottom currents capable of dislodging eggs from suitable habitats (reefs) to unsuitable habitats (i.e., muddy bottom), and (ii) the majority of newly hatched larvae were transported away from the known suitable nursery grounds at the start of their first feeding. Conversely, during two high recruitment years, predicted bottom currents at the spawning grounds were relatively weak, and the predicted movement of newly hatched larvae was toward suitable nursery grounds. Thus, low disturbance-based egg mortality and a temporal and spatial match between walleye first feeding larvae and their food resources were predicted for the two high recruitment years, and high egg mortality plus a mismatch of larvae with their food resources was predicted for the two low recruitment years. In general, mild westerly or southwesterly winds during the spawning-nursery period should favour walleye recruitment in the lake.
Introduction
Walleye (Sander vitreus) populations in Lake Erie have supported substantial fisheries for nearly 200 years, and for much of this period, these populations have exhibited large fluctuations in abundance (Schneider and Leach 1977 ; Lake Erie Committee -Walleye Task Group (LEC-WTG) 2006). Variation in annual recruitment is the primary factor responsible for these fluctuations (Busch et al. 1975; Shuter and Koonce 1977) , and several processes have been suggested as possible mechanisms to explain this variation. Two processes that have received recent attention (Roseman et al. 1999 (Roseman et al. , 2005 are (i) variable survival of eggs from fertilization to hatch because of disturbance of spawning habitat and (ii) variable survival of hatched larvae because of transport of planktonic larvae to suitable or unsuitable habitats.
For many fish species, the survival of eggs and larvae can be influenced by many environmental factors, including pre-dation risk and availability of suitable habitat (Bailey and Houde 1989; Bradbury and Snelgrove 2001) . Among-year variability in these environmental conditions gives rise to the weak relationship between spawner stock size and subsequent recruitment commonly observed in fish populations (Myers and Barrowman 1996; Myers et al. 1997) , and Lake Erie walleye provide a typical example of this phenomenon. Consequently, some environmental factors, such as water temperature, are sometimes explicitly taken into consideration in analyses of stock-recruitment relationships (Hilborn and Walters 1992) . Shuter and Koonce (1977) and Madenjian et al. (1996) found a much clearer stock-recruitment relationship for Lake Erie walleye after correcting for variation in spring water warming rate. Shuter et al. (2002) showed that this masking association between recruitment variation and variation in warming rate was consistently evident over the period from 1947 though 2000, despite large systematic changes in other environmental factors, such as water levels and nutrient concentrations. Busch et al. (1975) and Roseman et al. (1999) also identified spring warming rate as an important factor influencing walleye recruitment; higher water warming rates were associated with higher recruitment.
In western Lake Erie, walleye spawn on midlake reefs in the western basin as well as in tributaries such as the Maumee, Sandusky, and Detroit rivers. Since walleye typically spawn at depths less than 5 m, many discrete reef spawning areas of various sizes are available to them; reef areas above the 5 m contour range in size from 0.01 to 1.5 km 2 (Busch et al. 1975; Roseman et al. 1996) . Spawning typically begins shortly after ice-out and peaks around the middle of April (Baker and Manz 1971; Roseman et al. 1996) . Walleye broadcast their eggs over hard substrates and provide no direct parental protection. Eggs typically hatch in 20 to 30 days depending on water temperature (Colby et al. 1979; Roseman et al. 1996) . Small interstitial spaces in the substrates (such as reefs) provide benthic eggs some protection from predation and displacement, but eggs remain vulnerable to physical processes such as changes in water temperature, wind-induced wave and current action, and sedimentation. These processes can influence the duration of incubation, egg abundance, and survival (Roseman et al. 1996) .
Upon hatching, western Lake Erie walleye larvae rely on surface water currents to reach their nursery grounds (Nepszy et al. 1991) . The yolk sac is usually absorbed within 5 days, when the larvae are about 9.5 mm total length (Roseman 1997) . The duration of the pelagic larval stage is temperature-dependent but typically lasts around 3 weeks, after which the young fish become demersal at a total length of about 30 mm (McElman and Balon 1979) . Because of their small size and limited mobility, larval walleye can be influenced by physical processes, such as water temperature and wind-generated currents. These processes can influence walleye larval development, distribution, growth, and survival, especially during the first several days after hatching when their weak swimming ability prevents them from actively searching for suitable habitat (i.e., nursery grounds).
Walleye egg and larval surveys carried out by Roseman et al. (1999 Roseman et al. ( , 2001 revealed that strong water currents on walleye spawning grounds in western Lake Erie generated by strong north-northeast winds relocated walleye eggs from suitable hatching habitat (i.e., coarse substrate on the reef surface) to unsuitable muddy bottom areas adjacent to the reefs. This dislodgement caused high egg losses and low recruitment. This finding echoed that of Busch et al.'s (1975) that low egg survival was associated with strong winds observed at spawning sites during incubation periods.
Besides affecting egg survival through catastrophic disturbance of spawning habitat, water currents also control the transfer of larvae to suitable nursery grounds from incubation grounds. This transfer process is believed to be an important determinant of larval walleye survival and thus recruitment (Roseman et al. 1999 (Roseman et al. , 2001 (Roseman et al. , 2005 . Investigations conducted by Roseman et al. (2005) during the 1990s found that densities of zooplankton, ichthyoplankton, and pelagic walleye larvae were consistently higher at nearshore sampling sites along the Maumee River plume. Given the shallow depths (less than 5 m) of the nearshore water and the fact that spring temperatures of nearshore water and Maumee River are similar, it is reasonable to assume that rive and lake water mix easily where they come in contact, thus permitting lake currents to transport larvae directly into these more productive inshore waters. Roseman et al.'s (2005) observations suggested that this region is of sufficient quality to support high numbers of young walleye, on a per unit area basis, and of sufficient magnitude to provide high absolute numbers of young walleye to the adult population (Dahlgren et al. 2006) . These investigators concluded that this region is the primary nursery habitat supporting the western basin walleye population. Given this premise, it is clearly critical for walleye larvae to reach this region early in life to maximize their survival. For walleye originating from western Lake Erie reefs, water current may play an important role in shaping walleye recruitment by serving as the connective mechanism between egg incubation and hatching sites on the reefs and primary south shore nursery habitats. The potential role of currents in shaping recruitment success is accentuated by the fact that transport of walleye to the north and east of the spawning reefs would carry them to clearly unsuitable habitat where food resources are low, predator abundance is high, and water temperatures are generally lower, thus slowing growth and increasing the period over which larvae are vulnerable to predation.
Unfortunately, there are few historical field observations of water currents in walleye spawning and nursery grounds in western Lake Erie that can be used to directly test these possibilities. An alternative to direct observation is to use a physical model to assess the possible impacts of currents on walleye recruitment. In this study, we report our initial use of such a model to test two hypotheses regarding the causes leading to high and low recruitment years for western Lake Erie walleye. We used the coupled hydrodynamic -water quality models ELCOM-CAEDYM (Estuary and Lake and Coastal Ocean Model -Computational Aquatic Ecosystem Dynamics Model) (Center for Water Resources, University of Western Australia: www.cwr.uwa.edu.au/services/models. php?mdid=6) to determine if (i) poor recruitment years are associated with unusually high currents during the egg incubation period; and (ii) poor recruitment years are associated with current patterns that transport postswim larvae to unsuitable habitat, while good recruitment years are associated with current patterns that transport larvae to suitable nursery habitat. ELCOM is a three-dimensional numerical modelling tool that applies hydrodynamic and thermodynamic principles to simulate the temporal and spatial behaviour of stratified water bodies when subject to defined patterns of environmental variation (Hodges et al. 2000) . ELCOM has been used to model water temperature and water current patterns in numerous water bodies (Lake Kinneret: Laval et al. 2003 ; Lake Kinneret and Lake Ogawara: Dallimore et al. 2003 ; Great Slave Lake: Leon et al. 2007 ), including Lake Erie. Leon et al. (2005) recently completed an evaluation of the ability of ELCOM to simulate Lake Erie hydrodynamics, given observed daily variation in weather. Their study showed that ELCOM successfully predicted observed temporal and spatial patterns for both water temperature and water current for 2 years: 1994 and 2001. The positive results from their study provided the scientific justification for using ELCOM to explore the potential impacts of hydrodynamic forces on walleye recruitment in Lake Erie.
Materials and methods

Selection of recruitment years for the simulations
Four recent years were selected to represent 2 years of high walleye recruitment (1996 and 1999) and 2 years of low walleye recruitment (1995 and 1998) . We selected these years by comparing age-0 walleye abundance indices from interagency trawling surveys conducted in western Lake Erie during the fall (LEC-WTG 2006) . These 4 years provide considerable contrast in walleye recruitment (i.e., on average, recruitment in the high years is more than 20 times the recruitment in the low years; Table 1 ) and also have the desirable attribute that consistent recruitment patterns were observed for these 4 years from both Ontario and Ohio trawling surveys, which suggests basin-level (rather than local) differences in walleye recruitment. In addition, data on walleye spawning time, spawning locations, and peak hatching time for these 4 years were available from Roseman et al. (1996 Roseman et al. ( , 2005 .
The ELCOM-CAEDYM modelling framework
In the coupled ELCOM-CAEDYM model, ELCOM is the hydrodynamic driver. Its spatially explicit, three-dimensional simulations of current and temperature patterns are based on processes that include baroclinic and barotropic responses, rotational effects, tidal forcing, wind stresses, surface thermal forcing through solar input, water inflows and outflows, and transport of solute content, heat, and other passive scalars. It uses observed meteorological time series data (i.e., air temperature, relative humidity, cloud cover, atmospheric pressure, long-and short-wave radiation, wind speed, wind direction, and rainfall) plus the known bathymetry of the study lake to generate spatially explicit predictions of temporal changes in water temperature and water current. These predictions establish the physical context used by the CAEDYM water quality model to generate spatially explicit predictions of the temporal behaviour of various chemical and biological lake characteristics.
CAEDYM has a modular structure permitting users to include one or several submodels that simulate such processes as nutrient cycling, growth of phytoplankton and zooplankton, and sediment resuspension. The choice of processes to simulate depends on the interests of the user. ELCOM and CAEDYM together are then able to generate spatially explicit simulations of temporal variation in such lake characteristics as oxygen concentration, nutrient (e.g., N, P) concentrations, algal production, and (or) zooplankton production.
In our application, we use a very simple version of CAEDYM to model the travel paths of walleye larvae floating near the lake surface (Hipsey et al. 2004 ). This is done by keeping track of the larval concentration in each spatial unit (cell) of the model and assuming larval movement patterns will be driven by the between-cell exchanges of water predicted by ELCOM. Detailed descriptions of the physical principles and algorithms embodied in ELCOM are available in the ELCOM science and user manuals at www.cwr.uwa.edu.au/services/models/elcom/elcom_docs. php. Similar information for CAEDYM is available at www. cwr.uwa.edu.au/services/models/caedym/caedym_docs.php
Input data and model setup
High temporal resolution (hourly or 3-hourly) data on climate variables, including wind speed, wind direction, air temperature, solar radiation, relative humidity, rainfall, and cloud cover, are necessary inputs to ELCOM-CAEDYM. Because of Lake Erie's large size, climate conditions in one area can be different from other areas at the same time. To incorporate such spatial variability of inputs, we divided the lake into four areas: West Basin, western Central Basin, eastern Central Basin, and East Basin. For each area, one weather station was selected as a source of meteorological data: West Basin -Toledo, Ohio; western Central Basin - 1995, 1996, 1998, and 1999 from the National Oceanic and Atmospheric Administration (NOAA) -National Climate Data Center 2006). This time period covers the typical spawning, egg incubation, and pelagic larval stages of walleye in western Lake Erie. Because data on solar radiation were not available for those four stations, we addressed this deficiency by calculating hourly theoretical values based on station locations, elevations, the sun's position in the sky, a Linke turbidity factor (Kasten 1996) , and observed cloud cover. The position of the sun in the sky varies both hourly and seasonally and is also location-dependent (latitude and longitude). The sun's position for each hour of each day was calculated using an algorithm described in Szokolay (1996) . Extraterrestrial irradiance (i.e., solar radiation incident outside the earth's atmosphere) was calculated based on the solar constant (i.e., 1367 WÁm -2 ) (Page 1986 ) and the earth-sun distance that varies slightly across a year (Paltridge and Platt 1976; Duffie and Beckman 1991) . Beam irradiance normal to the solar beam was attenuated by the cloudless atmosphere and calculated based on extraterrestrial radiation, Linke turbidity factor, relative optical air mass (Kasten and Young 1989) , and Rayleigh optical thickness. Diffuse irradiance was calculated based on extraterrestrial irradiance, the diffuse transmission function dependent on the Linke turbidity factor, and the diffuse solar altitude function dependent on the solar altitude (Scharmer and Greif 2000) . The global irradiance under clear sky was the sum of beam irradiance and diffuse irradiance. The global irradiance under real sky (i.e., observed cloudy sky) was derived from the global irradiance under clear sky calculated above and observed hourly cloud cover values (Kasten and Czeplak 1980) . For the past 20 years, the monthly average values for the Linke turbidity factor for Lake Erie were obtained from the SoDa web site (www.soda-is.com/eng/index.html), and daily values were interpolated from those monthly means.
Daily average flow rates from the three main tributaries of the lake were used as sources of the inflow (Detroit River and Maumee River) or outflow (Niagara River) inputs for the simulation. Flow rates for the Maumee River and the Niagara River were obtained from the USGS National Water Information System (waterdata.usgs.gov/nwis/sw). The daily flow rate for the Detroit River was only available for [1976] [1977] . Monthly means for the Detroit River flow rates from 1900 to 1999 were available from the NOAA Great Lake Environmental Research Laboratory (www.glerl.noaa.gov/ data/arc/hydro/mnth-hydro.html). Thus, the daily flow rates for the Detroit River for modeling years (i.e., 1995, 1996, 1998, and 1999) were derived by adjusting daily flow rates for 1976-1977 using the differences of monthly means between each modeling year and year [1976] [1977] . A threedimensional bathymetric map of Lake Erie distributed by the National Geophysical Data Center (www.ngdc.noaa. gov/mgg/greatlakes) was used to interpolate the lake bathymetry into a 2 km by 2 km raster format that was also used for model input. The simulation was run at a time step of 20 min, and the output variables (i.e., water temperatures and currents at the lake bottom and surface, plus larvae concentrations) were reported at 3 h intervals.
The spawning and hatch areas for walleye in western Lake Erie were defined from the Roseman et al. (1996 Roseman et al. ( , 2001 ) field surveys. Suitable nursery ground in the western basin of Lake Erie was also derived from the same surveys (Roseman et al. 2005 ; Fig. 1) .
During the simulation, we monitored the simulated water currents at the spawning grounds through the incubation and hatching periods. We assumed that the mean incubation time would be 30 days from the initial date of spawning (Busch et al. 1975; Roseman et al. 1999) . Roseman et al. (2005) observed that the temporal pattern of walleye hatching exhibited a single, distinct peak in each of our study years. For simplicity, we assumed that the cohort of individuals hatching on this peak date in each year would be the primary determinant of walleye recruitment for the year and thus focused our study on the transportation pattern of this ''peak hatched cohort''. We simulated this travel path for each year by releasing particles representing walleye larvae at the spawning ground labeled in Fig. 1 at the observed date of the peak hatching (Roseman et al. 2005 ) for each year. Houde (1969) found that larval walleye less than 7.9 mm (around first month) in length (i.e., age from hatch < *30 days) have barely detectable swimming abilities, and it is known that walleye larvae this young are positively phototactic (Ryder 1977) and are typically found in surface waters (Roseman et al. 2005) . Therefore, we assumed that walleye larvae during the period of interest (i.e., first 5 days after peak hatching date) could be represented in the model as positively buoyant, passive particles. We monitored variations in the concentration of larvae-like particles dispersed to the suitable nursery habitats during the 5-day period after peak hatching because this is the time period over which the majority of larvae would have started their first feeding (Roseman 1997) . We compared the implied patterns of dispersion from the spawning ground with nursery habitats among years and related them to age-0 recruitment indices.
Results
Among the four simulated years, walleye initial spawning dates varied from March 23 to April 8 (Table 1) . During the typical observed walleye incubation period in Lake Erie (i.e., April 1 to May 15; Roseman 2000), daily average wind speed and simulated water currents at the reefs were highly variable both among years and within each year (Fig. 2) , as was wind direction (Fig. 3) . The predominant wind direction during this period was from the northeast, except for 1996, which was dominated by southwest winds (Fig. 4) . Northeast winds tended to be associated with stronger bottom currents at the spawning sites than other wind directions (Figs. 2, 3 ). For 1998, our model predicted that strong northeast winds around April 10-11 would have generated strong bottom currents (> *0.19 mÁs -1 ) at this time (Fig. 2) , coincident with the observed high loss of walleye eggs in this year (Roseman et al. 2001) . The model predicted a similar magnitude of bottom current for the spawning season in 1995, which is the other low recruitment year (Fig. 2) . In the high recruitment years (1996 and 1999), wind conditions during walleye spawning did not result in observed significant egg losses like in 1998, and for these years, simulated bottom current was < *0.12 mÁs -1 (Figs. 2,  3) . These results suggest that the local turbulence (i.e., turbulence stemming from wave surge as well as currents) associated with a simulated bottom current speed > *0.19 mÁs -1 is sufficient to cause substantial mortality of walleye, while turbulence associated with a simulated bottom current speed of < *0.12 mÁs -1 is not. We will refer to this approximate threshold later in the text but recognize that further refinement of the concept would require extensive new laboratory and field studies.
During the first 5 days after peak hatching, the wind patterns again differed between the high and low recruitment years. For the two low recruitment years, winds from the north were predominant, while for the two high recruitment years, southwest winds were much more frequent (Fig. 5) .
Our simulations of the movement of positively buoyant par- when catastrophic egg losses from the reef were observed (Roseman et al. 2001) .
ticles released at the time of peak hatching in each year suggested that walleye larvae emerging at this time would be transported to very different areas by the lake surface currents acting in each year (Fig. 6 ). For the two high recruitment years (1996 and 1999) , a large percentage of the particles (> *85%) ended up in the suitable nursery grounds. Conversely, for the two low recruitment years (1995 and 1998) , only a relatively small (< *10%) percentage ended up in the suitable nursery areas. Further tracking of these particles for 7 and 10 days after hatch in each year showed that this distinction between years in particle distributions was maintained, although by day 10 in 1999, large numbers of larvae (assuming their swimming ability remains at the same level as that of newly hatched larvae) would be transported to inshore regions of the central basin.
Discussion
Walleye age-0 indices from fall trawling surveys are considered reliable predictors of age-2 walleye recruitment to fisheries (LEC-WTG 2006) . This suggests that the weak relationship observed between spawning stock and age-2 walleye recruitment in Lake Erie is caused by densityindependent agents of mortality operating within the first 6 months of the life of a cohort. Two of these agents are spring water warming rate and currents. The influence of spring warming rate on egg survival has been addressed by several researchers (Busch et al. 1975; Shuter and Koonce 1977; Roseman et al. 1999 ). These studies concluded that an increase in warming rate during incubation would shorten the incubation period and thus reduce the duration of exposure of eggs to various mortality agents.
However, there remains some variation in walleye recruitment unexplained by the warming rate. Specifically, spring warming rate does not explain the variation in recruitment observed among the 4 years in this study. Among the four recruitment years, the spring warming rate in 1998 is the highest, yet this year produced the second lowest recruitment. A slightly higher warming rate in 1999 than in 1995 (around 0.02 8CÁday -1 ) produced a 20-fold increase in re- cruitment, far greater than would be predicted by the relationships of spring warming rate and fall walleye recruitment in Lake Erie (Roseman et al. 1999) . For the 4 years considered in this study, water current differences among years appear to provide a better account of observed recruitment variation than spring warming rate alone.
Our study considered the influence of water currents on egg and larval survival. High water currents at walleye spawning grounds in the western basin can dislocate eggs from suitable hatching areas into muddy, unsuitable habitat and cause high mortality (Roseman et al. 2001) . Our model predicted high current events during the early period of egg incubation in 1995 and 1998 (i.e., two low recruitment years). Comparing these two low recruitment years, we notice that the recruitment in 1998 is more than four times higher than that in 1995, although a similar magnitude of strong current were predicted for both years. Such variation may be a product of variations in warming rate and larval transportation patterns. Warming rate is slightly higher in 1998 than in 1995, and thus survivors from the extreme current events during egg incubation may have experienced higher survival than those in 1995. In addition, in 1998, a proportion (although small) of newly hatched larvae were able to reach suitable nursery ground. In contrast, almost all newly hatched larvae in 1995 were transported away from suitable nursery habitat. Accordingly, we would predict the lowest recruitment in 1995 from our modeling. This is consistent with field observations. High current events were not predicted in 1996 and 1999, when recruitment was much higher. High currents were predicted later in the spawning period in 1999, but we speculate that this may have been after the majority of deposited eggs had completed incubation. In addition to a higher spring warming rate compared with 1999, almost all newly hatched larvae were transported to the suitable nursery ground in 1996. Therefore, both favourable water temperatures and water currents could have combined to produce the highest walleye recruitment levels in 1996. Again, this is consistent with field observations. At shallow walleye spawning grounds in western Lake Erie, the strength of bottom currents depends on both wind (a) 1995, (b) 1996, (c) 1998, and (d) 1999. speed and wind direction. Moderate northeast winds combine with long fetches to transfer energy from wind to water mass, producing high water currents at the downwind side of the lake, where the spawning reefs are located. In addition, the complex topographic features of spawning reefs (shallow, uneven, and close to the coast) can break waves (i.e., creating strong wave surge) coming from the directions that winds blow, thus producing strong turbulence at the spawning grounds.
Our model results also suggest that interannual differences in current patterns in the posthatch period are important in determining differences in recruitment success. Winds from the west predominated in the years of high recruitment. In the Northern Hemisphere, the rotation of the earth causes the direction of motion of wind-driven particles and fluids (e.g., water mass movement) to deflect to the right of the direction of the wind that is driving them (i.e., Coriolis effect and Ekman transportation). This deflection is expected for water currents and is both observed in Lake Erie (Gedney and Lick 1972) and simulated by ELCOM. Thus, we expect westerly winds in western Lake Erie to produce a generally southerly (toward the southern boundary of the basin) movement of water mass over the walleye spawning grounds, and this movement favours a timely transport of larval walleye to the south shore nursery grounds.
The ideas of ''critical periods'' (Hjort 1914) and ''match/ mismatch'' (Cushing 1990) , wherein fish larvae need to reach suitable habitats for survival and growth before starvation, has been thoroughly investigated in marine systems (Brickman and Frank 2000; Zhao et al. 2001; Hinrichsen et al. 2003) . Fechhelm and Fissel (1988) and Fechhelm and Griffiths (1990) observed that the recruitment of Canadian Arctic cisco (Coregonus autumnalis) in Alaskan waters was significantly related to summer easterly wind. However, this hypothesis has rarely been examined in detail in freshwater systems. Using a simple biophysical model, Jones et al. (2003) demonstrated that the survival of newly hatching larvae incubated in the Sandusky River depended on the time (or distance) that the larvae were transported from riverine spawning habitats to lacustrine (Sandusky Bay of Lake Erie) nursery grounds. Similarly, coupled physical-biological models have been developed to examine these fish recruit- Fig. 6 . Simulated concentrations of positively buoyant particles 5 days after the peak hatching date for two high (a, top two panels) and two low (b, bottom two panels) recruitment years. The rectangle indicates the approximate area of suitable nursery habitat. High concentrations are colored orange and red; low concentrations are blue. The pink star shows the walleye spawning grounds (i.e., area 5 in Fig. 1 ) where larvae were released at the observed peak hatching time in the simulation studies. The cell resolution is 2 km by 2 km. ment processes for marine species (Miller 2007 ), but we know of no other published studies that have used this approach in large lakes.
The prevailing wind patterns during spring in Lake Erie may explain why the midlake reef complex is such an important walleye spawning ground in Lake Erie. During this time, westerly winds are predominant, which our model suggests provide ideal conditions for transportation of recently hatched larval walleye to ideal nursery habitat along the Lake Erie southern shore. As well, winds from the west and especially the southwest experience a short fetch, limiting their ability to create damaging currents in these spawning areas. It seems to be a general pattern that the other regions of the Great Lakes where walleye production is large and sustainable are all areas with comparatively small fetches, relative to the main lake areas (e.g., Bay of Quinte of Lake Ontario, Lake St. Clair, Saginaw Bay, and eastern Georgian Bay of Lake Huron).
The modeling results presented here have a number of important limitations that will motivate the next steps in our research program. First, the model does not provide a mechanistic connection between physical hydrodynamic processes in western Lake Erie and walleye early life survival processes. For example, if the model included an egg hatching schedule that is temperature-dependent, it would permit realistic simulations of differences in peak hatching time across years. Similarly, accumulated growing degree days is a good predictor for the time when fish larvae start first feeding (Zhao et al. 2001) , and thus adding such a function to the model would permit more realistic simulations of vulnerability times rather than imposing a fixed (5 days) period of vulnerability. Linking an individual-based model to the hydrodynamic models is an alternative approach to incorporate biological components, such as growth rate and time to first feeding. In addition, a shear stress model of current magnitude effects on egg dislocation would provide a more accurate assessment of whether strong currents are likely to have affected recruitment in the low recruitment years.
Periods of egg incubation and peak hatching were selected from continuous time series of egg and larval abundance derived from field data collected by Roseman (2000) and Roseman et al. (2001 Roseman et al. ( , 2005 . Because early life history events occur rapidly for walleye (McElman and Balon 1979) , attempts were made to sample eggs twice weekly and pelagic larvae at least once per week; however, equipment reliability and weather conditions sometimes dictated when sampling occurred. According to Roseman et al. (2005) , the sampling interval was prolonged between pelagic larval samples in 1996 and 1999, possibly resulting in missing the period when peak pelagic larval abundance occurred. Therefore, the timing of true peak larval abundance could have occurred earlier in May than reported here.
Although it is recognized that the midlake reef complex is the largest spawning ground in the lake and that recruitment from this complex is probably the major source of walleye recruitment for the lake, recruitment in the west basin of Lake Erie may come from multiple sources, including several individual reefs in the midlake complex, three major tributaries (i.e., Maumee and possibly Sandusky rivers - Mion et al. 1998; Detroit River -Manny et al. 2007) , and some smaller spawning grounds in the northern part of the basin. Schedules for spawning and hatching, as well as environmental conditions (such as temperature and water currents), likely vary among the different spawning areas, and therefore there is likely to be considerable interannual variation in the relative contribution of spawning sites to overall walleye annual recruitment. Developing a more mechanistic picture of how reproductive success varies across these spawning locations would provide a valuable extension of our understanding of the sources of recruitment variation in Lake Erie walleye.
